In this work, we designed an amperometric catechol biosensor based on a-Fe 2 O 3 nanocrystals (NCs) incorporated carbon-paste electrode. Laccase enzyme is then assembled onto the modified electrode surface to form a nanobiocomposite enhancing the electron transfer reactions at the enzyme's active metal centers for catechol oxidation. The biosensor gave good sensitivity with a linear detection response in the range of 8-800 lM with limit of detection 4.28 lM. We successfully employed the sensor for real water sample analysis. The results illustrate that the metal oxide NCs have enormous potential in the construction of biosensors for sensitive determination of phenol derivatives.
Introduction
Phenol and its derivatives are an important category of compounds, whose presence and concentration levels in community water need to be strictly monitored as they are toxic, and can cause damage to brain, liver, kidneys, muscles, and eyes (Schweigert et al. 2001 , Zhou et al. 2013 . Toxicity of phenolic compounds also provokes mutagenesis and carcinogenesis in human and other living organisms. These water contaminants come from both nature and industry sources (Karim and Fakhruddin 2012 ) that include textile, coal, chemical, petrochemical, pharmaceutical, mining, pulp, and paper industries (Decker et al. 2007) . They are also used in the manufacture and processing of fertilizers, herbicides, detergents, explosives, preservatives, and solid waste combustion that find their way into the water cycle and ecosystem as a result of the drainage off the community and industrial sewage into river and other surface waters. Another significant and varied applicability is in food quality analysis, where the estimation of polyphenol contents is performed as the food composition undergoes light transformation during post-harvest and processing. The monitoring of polyphenol levels enables food quality control, freshness, and evaluation of antioxidant content (Eremia et al. 2013) . Standard methods generally used for quantitative phenol measurement are high performance liquid chromatography, electrochemical capillary electrophoresis, gas chromatography, and colorimetric spectrophotometry (Alcudia-Leon et al. 2011 , Sanchez-Avila et al. 2011 . Although these methods give accurate results at low phenol concentrations, they require complicated pretreatment processes and time-consuming detection methods, because of which their use in online monitoring systems is highly restricted. Moreover, these instruments are highly expensive and lack selectivity. Due to these disadvantages, researchers have focused on amperometric biosensors as an alternative detection method, particularly redox enzyme-based biosensors, for measuring phenolic compounds. The amperometric biosensors show good selectivity and moderate operational potentials with working possibility in aqueous medium, applicability to multicomponent solutions, fast response, portability, low cost, and amenability to miniaturization and automation (Goode et al. 2015, Sharma and Mutharasan 2013) .
Amperometric biosensors for phenol and diphenol detection are generally prepared with working electrodes having redox enzymes incorporated such as polyphenol oxidases (laccase and tyrosinase) and horseradish peroxidase (Karim and Fakhruddin 2012, Sołoducho and Cabaj 2013) . The use of these enzymes on commonly used carbonaceous electrodes helps in lowering their working voltage, thereby minimizing the possibility of dimerization or polymerization of organic analytes to be detected and reduce the production of other electroactive species (Fujita et al. 2014) . These side reactions generally passivate the electrode surface or cause higher than expected current levels, which are not desirable. Enzymemodified carbon electrodes show good sensitivity to selected compound detection depending on the enzyme immobilized and the subsequent biochemical and electrochemical reactions (Ciucu 2014) . Among the polyphenol oxidases, laccase (p-diphenol: dioxygenoxidoreductases EC 1.10.3.2) is a multicopper enzyme produced by plants and microorganisms (Piontek et al. 2002) . The copper atoms at the enzyme active sites are arranged as mononuclear and trinuclear clusters (Type 1 and Type 2/Type 3 sites, respectively), and they reduce atmospheric molecular oxygen directly to water in a four-electron step transfer between the Cu sites without the intermediate formation of soluble H 2 O 2 . This occurs at the expense of one-electron oxidation of variety of substrates that include phenols and polyphenols (Claus 2004 ) and the detection of the quinone product generated can be done by electrochemical or amperometric techniques on the electrode surface (Li et al. 2014 ). For such enzyme-based biosensors, the stabilization of enzymatic activity on the biological recognition element is of great importance. It is generally acknowledged that an effective immobilization technique is a key step to achieve quality construction of the biosensors . The varying levels in activity and the diffusion limitations occurring due to immobilization are mainly dependent on the properties of the support material and the immobilization methods used (Khan and Alzohairy 2010, Krajewska 2004) .
Over the past decades, different nanosized materials and metal oxide nanocrystals (NCs) have attracted extensive interests in basic scientific research as well as potential technological applications due to their significant optical, magnetic, and electronic properties. The interesting size and shape dependence of their physicochemical properties make them suitable for a wide variety of applications such as catalysis, organic light-emitting diodes, electrochemical energy storage, and sensors. Among them, metal oxides NCs have high surface area, good biocompatibility, chemical stability, and display fast electron transfer ability (Valentini and Palleschi 2008) . The latter features particularly improve their sensitivity to biomolecule detection and offers an ideal immobilization platform, and therefore can be successfully used in electrochemical biosensing (Alkasir et al. 2010 , Zhao et al. 2010 . Among the differently sized iron oxide NCs developed for biomedical and sensing applications, the most frequently used materials are maghemite (c-Fe 2 O 3 ) and magnetite (Fe 3 O 4 ) due to their biocompatibility (Aphesteguy et al. 2010 , Podzus et al. 2009 ). Podzus et al. used iron oxide-based chitosan magnetic microspheres with glutaraldehyde as crosslinker to identify and absorb toxic metals in waste water. Li et al. studied on synthesis and use of polydopamine-laccase-Fe 3 O 4 magnetic polymeric bionanocomposites on magnetic Au electrode for biosensing of hydroquinone in aqueous solution giving excellent sensitivity, selectivity, and stability. Nanosized particles of magnetite and NiCuZn-doped magnetites were prepared by coprecipitation and sol-gel combustion methods by Aphesteguy et al. and studied for effects of the doping cations on the morphology, structure, and magnetic properties of the resulting spinel to be used in above applications. Nanostructured haematite (a-Fe 2 O 3 ) is another prominent iron oxide phase useful in biomedicine and clinical diagnosis due to its stability under physiological conditions (Laurent et al. 2008 , Osaka et al. 2006 From the viewpoint of the applied research, different forms of iron (III) oxides are some of the most commonly investigated and used metal oxides for various environmental and industrial applications. As NCs, iron oxide exhibits unique functional features that strongly differ from those of well-crystallized particles and find important applications in nanoelectronic devices, information storage, magnetocaloric refrigeration, color imaging, bioprocessing, ferrofluid technology, and catalysis (Zboril et al. 2002) . They are also earthabundant oxides, extremely stable, and can be easily recycled compared to costlier palladium, rhodium, ruthenium, and iridium particles. Moreover, the durability and copious supply of iron oxides coupled with their environmentally benign nature and low toxicity make them ideal sensing materials and catalysts for sustainable and cost-effective chemical processes (Jagadeesh et al. 2013) . In this paper, we have developed a new biosensor based on a-Fe 2 O 3 NC-modified carbon-paste electrode with laccase enzyme for amperometric detection of the catechol. The analytical performance factors and the application of the developed catechol biosensor to real samples are investigated. To the best of our knowledge, this is the first report on the use of a-Fe 2 O 3 NCs for the fabrication of highly sensitive and selective catechol biosensors.
Experimental

Chemicals and reagents
Laccase (from Trametes versicolor) having specific activity of 10 IU mg À1 was procured from Sigma, USA. Catechol, 2-chlorophenol, 2-nitrophenol, guaiacol, catechin, ferric nitrate hexahydrate, ethylene glycol, graphite powder, and silicon oil were purchased from SD Fine Chem Ltd. India. Glutaraldehyde, bovine serum albumin (BSA), disodium monohydrogen phosphate heptahydrate, and potassium dihydrogen phosphate were acquired from Hi media, India. All solutions used for analysis were prepared with doubly distilled water.
Synthesis and characterization of a-Fe 2 O 3 NCs a-Fe 2 O 3 NCs were synthesized by sol-gel method using ethylene glycol as solvent following the procedure adopted by Xu et al. (2007) . 16 g ferric nitrate was firstly dissolved in 100 ml solvent with vigorous stirring for 2 h at 40 C, and then the obtained sol was heated to 80 C and kept at that temperature for 2 h until a brown gel was formed. The gel was aged for 2 h followed by drying at 170 C for 16 h. After drying, the xerogel was annealed at 410 C in air. The crystal growth of aFe 2 O 3 NCs prepared was analyzed from powder X-ray diffraction (XRD) patterns recorded from 10 to 80 with a PANalytical Empyrean diffractometer using Cu Ka (k ¼ 1.5418 Å) radiation and with a Nickel filter. The TEM images of a-Fe 2 O 3 NCs were recorded using JEOL JEM-2100F Field Emission microscope operating at an accelerating voltage of 200 kV. The samples for the TEM analyses were prepared by adding a drop of NC solution onto carbon-coated copper grids and allowing the solvent to evaporate. NC solution was prepared by vigorous sonication of NC powder in isopropanol as solvent for 15 min.
Preparation of bare and modified carbon-paste electrodes
Bare and NC-modified carbon-paste electrodes were constructed for enzyme immobilization and resultant electrochemical studies. For bare carbon-paste electrode (BCPE) construction, the carbon paste was prepared by grinding graphite powder (70% w/w) with silicon oil (30% w/w) until a homogeneous paste was obtained. For a-Fe 2 O 3 NC-modified carbon-paste electrode (a-Fe 2 O 3 NCs-CPE), Fe 2 O 3 NCs were added to graphite powder in different weight ratios of 1:2, 1:3, 1:4, and 1:5 (w/w) followed by the addition of silicon oil and mixed thoroughly to a uniform paste. For immobilization of the laccase enzyme onto a-Fe 2 O 3 NCs incorporated carbonpaste electrode (Lac-a-Fe 2 O 3 NCs-CPE), the enzyme solution containing 5 IU laccase, 20 ll of glutaraldehyde (5% (v/v)), and 2.5 mg of BSA were added into specific a-Fe 2 O 3 NC-graphite powder mixture. Finally, carbon paste was obtained by mixing with 10 ll of silicon oil for 20 min in all cases. The different pastes were firmly placed in cavities of Teflon tube with 2-mm internal diameter and containing copper rod on one end. The surface of the nanocomposite electrode at the other end was smoothened by a wax paper before starting the electrochemical experiments. The obtained electrodes were stored in the refrigerator at 4 C, when they were not in use. The prepared nanocomposites of Lac-a-Fe 2 O 3 NCs-CPE together with Lac-BSA-glutaraldehyde system were characterized by a Fourier transform IR spectroscopy using Perkin Elmer FTIR/FIR Spectrometer, Frontier using KBr as a reference in the range of 4000 À 400 cm À1 .
Electrochemical measurements
The electrochemical experiments were performed with an Autolab PGSTAT 3.0 Potentiostat/Galvanostat with a conventional three-electrode system. The carbon-paste electrode, a Pt wire, and a calomel electrode were used as the working electrode, auxiliary electrode, and the reference electrode, respectively. All measurements were carried out at room temperature. The electrochemical behavior of a-Fe 2 O 3 NCs-CPE was examined by cyclic voltammetry (CV) in 0. (i2) to the addition of catechol was recorded and the current difference (Di ¼ i2-i1) was determined. A calibration curve of Di-catechol concentration was then plotted. Five biosensors were prepared under the same conditions independently to study the electrode-to-electrode reproducibility. The long-term stability of Lac-a-Fe 2 O 3 NCs-CPE was determined by performing activity assays within 20 days. The electrodes were stored in dry atmosphere at 4 C when not in use. To demonstrate the practical application of the biosensor, we also investigated the response of the sensor in real water samples. The water from the tap and industry effluents was used for the analysis after filtration with a 0.2-lM membrane. Each sample was added to 0.2 M of PBS solution for 2-fold dilution at pH 7.0, and on attaining current stability, amperometric detection by the Lac-a-Fe 2 O 3 NCs-CPE was performed using 100-lM catechol at 0.3 V. The experiments were repeated for five times. Initially, electrochemical impedance measurements were also carried out to analyze the charge transfer properties of bare and modified carbon-paste electrodes using CHI604E electrochemical work station. A platinum foil was used as the counter electrode and Ag/AgCl as reference electrode, and measurements were carried out at room temperature.
Results and discussion
Preparation and structural characterization of a-Fe 2 O 3 NCs and modified CPEs a-Fe 2 O 3 NCs were synthesized by sol-gel method using ferric nitrate precursor and ethylene glycol as solvent. Careful experiments were done to optimize the heating temperatures and minimize the interference of moisture which was found to have profound influence on the phases of iron oxide formed. The formation of different iron oxide phases was avoided since they had widely varying conductivity and magnetic features. The growth and crystallinity of a-Fe 2 O 3 NCs were confirmed by recording XRD pattern and the result for polycrystalline NCs is shown in Figure 1 . Well-defined diffraction peaks were seen at 24.4 , 33.1 , 35.6 , 39.3 , 40.8 , 43.3 , 49.4 , 54.1 , 57.6 , 62.4 , 64.1 , 71.9 , 75.47 , and 77.7 corresponding to (012), (104), (110), (006), (113), (202), (024), (116), (018), (214), (300), (100), (220), and (306) Bragg reflections, respectively. The reflection planes are consistent with the standard pattern for a-Fe 2 O 3 reported. The average particle size of a-Fe 2 O 3 NCs was estimated using the Debye-Scherrer equation taking full-width at half maximum of the highest intensity diffraction peak and was found to be 39 nm. TEM image was obtained for the NCs and was seen as aggregated into small cluster-like structures, which could be due to the accumulation of NCs synthesized devoid of capping ligands. Such accumulation is known (Claridge et al. 2009 , Xuan et al. 2009 ) and occurs due to charges on NC surfaces which cause to attract each other. From the aggregated TEM image, the particle size could be approximately determined and found to be in agreement with the value obtained from X-ray diffraction analysis. The TEM image (see Supplementary Figure S1 ) is given as supplementary information. The inset of the figure shows high resolution image of a NC and the interplanar distance measuring adjacent lattice fringes in the image is about 0.251 nm corresponding to (110) plane of a-Fe 2 O 3 . a-Fe 2 O 3 NCs were further mixed with graphite powder in different weight ratios and made into a paste with silicon oil for preparation of modified carbon-paste electrode. NC weight ratios were optimized to achieve maximum sensitivity for the biosensor to be prepared. Further, the laccase enzyme was immobilized along with stabilizing and cross-linking agents such as BSA and glutaraldehyde and packed in Teflon tube to fabricate amperometric biosensors. Bifunctional agents such as glutaraldehyde cross-link with the reactive amino groups of enzymes (Gao et al. 2013 ). The incorporation of BSA along with glutaraldehyde during the process of enzyme immobilization through hydrophobic interactions, contributed to the longterm operational stability of the enzyme biosensor. This was investigated in our previous studies on laccase-based sensors for the analysis of substituted phenols (Sarika et al. 2015a) .
We have optimized the concentrations of laccase, BSA, and glutaraldehyde combination for maximum biosensor response with minimum reagent levels using Box-Behnken design of experiment (Sarika et al. 2015b ). The modified electrodes and enzyme immobilization were analyzed using FT-IR spectroscopy for binding sequence and biocomposite formation. Figure 2 shows FT-IR spectra recorded for laccase solution (a) and for lac soln-a-Fe 2 O 3 NC-C paste (b), where laccase solution in both cases refers to combination of laccase, BSA, and glutaraldehyde solutions in required proportion as mentioned in the experimental section. The modified carbon paste sample shown in Figure 2 has a-Fe 2 O 3 to carbon ratio of 1:4.
The FT-IR spectra for a-Fe 2 O 3 -modified carbon paste show multiple bands in the region between 350 and 700 cm À1 corresponding to Fe-O stretching and bending vibration modes. They could be attributed to the dipole moments parallel and perpendicular to ''c'' plane of hexagonal a-Fe 2 O 3 lattice with face-sharing octahedra (Fouda et al. 2013 ). The multiple peaks lying in the range 700-1100 cm À1 could be considered as arising due to Fe-OH and Fe-OH 2 stretching that becomes prominent on adding laccase solution to the a-Fe 2 O 3 -modified carbon paste. Important peaks relating to a-Fe 2 O 3 phase are marked by red downward arrow in Figure 2 (b) and are found to be absent in laccase solution spectra. The peaks lying in the range 650-800 cm À1 in the composite spectra could also be arising due to out-of-the plane N-H wagging modes (Silverstein et al. 2005) . The broad IR peak centered around 3400 cm À1 in the laccase solution spectra of Figure 2 (a) is due to NH-and OH-stretching vibrations in the enzyme (Li et al. 2014 , Mazur et al. 2009 ), while the peaks at 1420, 1450, and 1640 cm À1 correspond to the amide linkages from enzyme and cross-linking agents. The intensity of these laccase solution peaks decreased in the nanocomposite due to their much reduced weight proportion in the carbon-paste matrix compared to the pure solution shown in Figure 2 (a). IR absorption bands at 1024 and 1075 cm À1 could be attributed to C-N stretching, which is significant for the composite. The peaks around 2950 cm À1 could be related to symmetric and asymmetric stretching of NH 3 groups in both the spectra, while the peak at 1262 cm À1 could be assigned to C-O stretching vibrations in the nanocomposite. It is noteworthy, that unlike laccase solution spectra, those of Figure 2 Effect of a-Fe 2 O 3 NC loading on the performance of CPE electrode a-Fe 2 O 3 NC loading were earlier analyzed for different weight ratios (1:2, 1:3, 1:4, and 1:5) with respect to graphite powder in order to prepare modified carbon-paste electrodes and the amount of loading was optimized to achieve maximum sensitivity for the amperometric biosensor. The electron transfer features of a-Fe 2 O 3 NCs-CPEs at different NC weight ratios were examined by cyclic voltammetry using Fe(CN) 6 3À/4À redox probe, and the performances were compared with BCPE, as shown in Figure 3(a) . A pair of reversible redox waves by potassium ferrocyanide-ferricyanide solution À was observed between À0.2 V and 0.6 V at all electrodes with a prominent decrease in the working potential for NC ratio of 1:4. The peak-to-peak potential separation (DEp ¼0.43 V) between the cathodic and anodic waves was also found lowest for the same Fe 2 O 3 NC loading, while their anodic and cathodic peak currents were the highest. The DEp values for BCPE (0.495V) and a-Fe 2 O 3 NCs-CPE are comparable to the values reported in literature (Aydogdu et al. 2013 , Erdem et al. 2014 . The results denoted that adding a-Fe 2 O 3 NCs-CPE at 1:4 ratio provided the highest electron transfer at solution/ electrode interface due to their improved electrocatalytic and conductivity properties and extended active surface area (Yao and Shiu 2007, Zhang et al. 2009 ). The redox processes can be achieved at low potential by incorporating metal oxide NCs to carbon-paste electrode, and these experiments were performed at a scan rate of 50 mV s À1 which was optimized for the electrochemical experiments in our lab. Figure 3(b) shows the electrochemical impedance spectra of the a-Fe 2 O 3 NCs-CPE electrode together with that of the BCPE (shown in the inset of the figure) in 10-mM solution at a polarization potential of 0.2 V and in the frequency range of 1-10 6 Hz. The electrochemical impedance spectrum analyzes the charge transfer features at an electrode interface with the electrolyte and is dependent on its dielectric and conduction properties. This is particularly useful in studying interface features, when the electrode surface is modified by iron oxide NCs. The charge transfer resistance of the electrode surface to the electrolytic solution is indicated by the diameter of the semicircle in the Nyquist plot, which is remarkably low (almost 60 times less) for Fe 2 O 3 incorporated electrode compared to the unmodified one. The semicircle portion of the Nyquist plot corresponds to electron-transfer-limited processes involving the redox probe, and lower resistance value is attributable to increased electron transfer ability of the NC-modified electrode. The observation is in agreement with the cyclic voltammetry studies above. However, a linear region corresponding to diffusion controlled kinetics is observed above 800 ohm for BCPE, which is less pronounced in the case of Fe 2 O 3 -modified electrode.
Electrocatalytic activity of bare and modified carbon-paste electrodes ARTIFICIAL CELLS, NANOMEDICINE, AND BIOTECHNOLOGYclearly in the graph). However, the voltammogram of Lac-aFe 2 O 3 NCs-CPE shows pairs of well-defined and stable redox peaks with very large increase in current, attributed to the direct electron transfer between the electroactive center of the immobilized laccase and the modified electrode surface. The figure also shows the CVs of different electrodes in 0.2-M PBS solution containing 1-mM catechol. A pair of redox peaks is observed on the BCPE dipped in catechol solution between 0 and 0.45V attributed to the reversible oxidation of catechol. Compared with the BCPE, a-Fe 2 O 3 NCs-CPE exhibited higher redox peak currents and smaller peak-to-peak separation in catechol due to enhanced electrode surface potential and conductivity of the a-Fe 2 O 3 NCs dispersed matrix. Laccase immobilization on the electrode displayed very large current flow with additional redox peaks between 0.1 and 0.2 V that needs to be understood better. The area under the CV gets greatly enhanced on adding the phenol demonstrating the highly efficient catalysis by laccase toward catechol oxidation.
The peak-to-peak separation seen here is, however, in agreement with the reported values in literature for enzymes and metal oxide (Erdem et al. 2014 ). The effect of scan rate on the voltammetric response of the a-Fe 2 O 3 NCs-CPE is shown in Figure 5 . As the scan rate increases, the peak currents increase while the redox peak potentials shift slightly. The anodic and cathodic peak current values shown in the inset of the figure exhibit a linear dependence on the square root of the scan rates indicating that the mass transfer phenomenon at the electrochemical probe, and the electrode interface is mainly a diffusion-controlled process (Song et al. 2010) . The above electrochemical experiments demonstrated that the nanocomposite provides a biocompatible environment for the immobilization of laccase, and that the a-Fe 2 O 3 NCs facilitated faster electron transfer for laccase. The reaction mechanism is illustrated in the schematic Figure 6 . First, the catechol in contact with the laccase is oxidized to 1,2-benzoquinone in the presence of molecular oxygen. Subsequently, the 1,2-benzoquinone is reduced electrochemically on the surface of the electrode. The obtained current in the process of electrochemical reduction of the 1,2-benzoquinone to catechol is proportional to the concentration of the catechol, which is further illustrated in the next section.
To acquire the optimal amperometric response, we also investigated the effects of the solution pH, temperature, and applied potential on the current values. As shown in Figure 7 (a), the current value reaches the maximum value at pH 7 and followed by a dramatic decrease. Figure 7 (b) presents the influence of different applied potentials on the amperometric responses. It can be clearly seen that the maximum current value occurs when 0.2 M of PBS solution with pH 7 was used, and the applied potential was set at 0.3 V in the experiments. Figure 7 (c) presents the influence of temperature on the current responses. The optimal temperature of the biosensor was found to be 40 C. The results of the study with Trametes versicolor species is almost similar as reported in the literature stating that laccase activity is maximum at temperatures between 30 C Figure 5 . The plot of the peak current vs. the square root of the scan rate for aFe 2 O 3 NCs-CPE (inset: CVs at different scan rates) in 0.2-M pH 7 PBS solution containing 1 mM of catechol. and 50 C for enzymes obtained from sources such as Trametes hirsuta, Sclerotium rolfsii, and Pleurotus ostreatus (Duran et al. 2002) .
Amperometric biosensing of catechol
The steady-state amperometric responses of Lac-aFe 2 O 3 NCs-CPE to different concentrations of catechol were analyzed by successive addition of different volumes of 2-and 200-mM catechol into 20 ml of pH-7 PBS solution under the optimized conditions. The steady-state current values gradually increased with the successive addition of catechol, as can be seen from Figure 8(a) . The initial step for Lac-aFe 2 O 3 NCs-CPE occurred on adding 8-lM catechol into the PBS solution. The corresponding calibration curves are shown in Figure 8( Stability and reproducibility of Lac-a-Fe 2 O 3 NCs-CPE
We studied Lac-a-Fe 2 O 3 NCs-CPE electrode for good repeatability, reproducibility, and stability and they showed satisfactory behavior. The relative standard deviation (RSD) of the biosensor response to catechol was analyzed and found to be within 3.0% for 10 successive measurements indicating the good repeatability of the biosensor. Five independent biosensors were prepared under the same conditions to study the electrode-to-electrode reproducibility, and the RSD of the electrodes was found to be within 4% indicating that the biosensors also possess good reproducibility. The long-term stability of Lac-a-Fe 2 O 3 NCs-CPE was determined by performing activity assays within 20 days. The electrodes were stored in dry atmosphere at 4 C when not in use during this period. Activity retention of 90% was observed after its 95 uses during the span of 20 days for Lac-aFe 2 O 3 NCs-CPE indicating good storage as well as operational stability of the laccase biosensor. The low activity loss may be attributed to the mild immobilization procedures adopted (i.e. through co-crosslinking method of laccase immobilization with stabilizing agents (Sarika et al. 2015a) ) and a beneficial environment for preventing enzyme leakage. Immobilization of laccase in modified carbon-paste matrix has provided a biocompatible microenvironment around the enzyme, which is evident from IR and electrochemical studies. The operational stability is tested and achieved through systematic increase in enzyme loading, which also caused controlled diffusion. The stabilization is achieved due to the newer bonds formed between the enzyme and the support matrix. The developed biosensors have achieved 95% of the steady-state current within 6 s of introduction of sample, which is satisfactory for a biosensor response. For comparison, a response time of 4s (t 90% ) was reported by Xu et al for laccase immobilized on methylene blue-modified mesoporous silica MCM-41/PVA and Zhou et al reported 5s (t 95% ) response time for reduced graphene oxide-based biosensor for high-sensitive detection of phenols in water samples. Such a fast response reflects the increased electron transfer processes enabled for laccase enzyme due to NC-modification of the carbon paste.
Selectivity study and real sample analysis
Selectivity of the biosensors was tested and studied using catechol and other phenolic compounds including 2-chlorophenol, 2-nitrophenol, guaiacol, phenol, and catechin (see bar diagram in Figure 9 ). A response of 100% was obtained for catechol, and the biosensor exhibited poor or no response toward other phenolic compounds. Thus we concluded that the sensor showed excellent selectivity for catechol. We also investigated the response of the biosensor toward real water samples in order to demonstrate its practical application for sensing within a more general analyte. For this, different water samples, including tap water from the lab and textile industry effluents, were filtered and used in presence of a buffer (0.2 M of PBS solution with a pH of 7 resulting in dilution). When the current became stable, amperometric detection was performed by adding catechol to Lac-a-Fe 2 O 3 NCs-CPE at 0.3 V, and the experiment was repeated five times. The results are illustrated in Table 2 . The recovery percentage looks satisfactory in each case confirming the potential application of the biosensor in detecting phenols in real water samples and industrial effluents.
Conclusions
A novel catechol biosensor was successfully prepared by facile and efficient immobilization of the laccase enzyme on aFe 2 O 3 NC-modified carbon-paste electrode. Small a-Fe 2 O 3 NC aggregates offer large number of active sites for immobilization of the multicopper oxidase enzyme forming a nanobiocomposite, as confirmed from the IR studies. The novel biosensor displayed efficient electrocatalysis toward catechol with wide linear range and low detection limit. The biosensor also showed good repeatability, reproducibility, and storage stability attributed to the biocompatible microenvironment of the composite matrix. The laccase-NC sensor showed very small response time and we could successfully apply the biosensor in detecting catechol in real water samples. Figure 9 . Relative responses of the biosensor for different phenolic compounds including catechol, 2-chlorophenol, 2-nitrophenol, guaiacol, and catechin. A total of 100 lM of the phenol in pH-7 PBS solution is used in all cases. 
